The coexistence of gaseous and liquid phases in an isobaric process are investigated by applying the thermodynamic functions of the Redlich-Kwong equation. The boiling temperatures and the enthalpy changes of vaporization of 45 substances are obtained by numerical calculations. The results agree with the experimental data within a few percent for the 45 considered substances. Some thermodynamic quantities for C 3 H 6 at 1 atm are calculated numerically as a function of T and drawn graphically. The Gibbs free energy indicates a polygonal line; entropy, volume and enthalpy jump from the liquid to the gaseous phase at the boiling point. The heat capacity does not diverge to infinity but shows a finite jump at the boiling point. This suggests that a first-order phase transition may occur at the boiling point.
Introduction
Recently the behaviour near the critical point has been illustrated, analysing some thermodynamic functions in isobaric processes for van der Waals [1] and Lennard-Jones gases [2] . Especially, all thermodynamic functions in isobaric processes containing the two intensive variables T and P have been derived from the Gibbs free energy G(T, P, N) which may be defined in terms of the partition function Y (T, P, N) in the T -P grand canonical ensemble by G(T, P, N) = −kT logY (T, P, N), see textbooks as e. g. [3 -5] or [2, 6] . An attempt to investigate the thermodynamic quantities of Redlich-Kwong gases in isobaric processes is useful in order to compare them with various experimental data at 1 atm [7] and to discuss the observed first-order phase transition at the boiling point [3] . The Redlich-Kwong equation [8] is often considered as satisfactory among all two-parameter equations which retain the correction term that van der Waals attributed to the volume occupied by the molecules of the gas [9] .
In this work, the changes in the Gibbs free energy and enthalpy in the state of coexistence of gaseous and liquid phases are obtained. Using the vapor-pressure equations for Redlich-Kwong gases, the boiling temperatures and the enthalpy changes by vaporization 0932-0784 / 05 / 1100-0783 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com are obtained by numerical calculations. These thermodynamic quantities at atmospheric pressure for C 3 H 6 are determined through numerical calculations and are graphically displayed for an isobaric process. The firstorder phase transition of Redlich-Kwong gases at the boiling point is discussed.
Thermodynamic Functions in Isobaric Processes of Redlich-Kwong Gases
A Redlich-Kwong gas may be defined by an equation of state in which the van der Waals a-term is compensated by T s ,
where
and
Here the critical temperature, pressure and volume of a gas are expressed in terms of T C , P C and V C , respectively. Equation (1) for s = 0.5 becomes the ordinary Redlich-Kwong equation [8] . The Helmholtz free energy A(T,V ) [4] is expressed in terms of a function ϕ(T ) of the temperature as
The first term in (6) is the configurational part, and the second one is the kinetic part [1, 6] , namely
In classical statistical mechanics [5] the partition function of the Redlich-Kwong equation in the canonical ensemble may be defined as
The partition function in the T -P grand canonical ensemble then can be obtained by the Laplace transform of
If N now becomes very large, one can calculate Y (T, P, N) in a saddle point approximation. From the condition that the derivative of the integrand of (9) equals zero, we obtain a cubic equation for V which is equivalent to the Redlich-Kwong equation:
We arrive at the Gibbs free energy per mol from (9):
If the temperature, pressure and volume of the gas are expressed in terms of T C , P C and V C , respectively, then T = θ T C , P = πP C and V = φV C . The reduced equation of state obeying the principle of corresponding states is easily derived from the Redlich-Kwong equation:
Using the dimensionless thermodynamic variables θ , π and φ , the Gibbs free energy in (11) can be rewritten as
Here M is the molecular weight, T C is in units of K and V C in units of cm 3 . The Gibbs free energy is a function of the molecular weight and the critical constants of a particular gas. The reduced volume in this free energy, φ , is obtained from the cubic equation for φ found from (12) as
We finally arrive at the entropy, volume, enthalpy and heat capacity, calculated from the Gibbs free energy:
The derivative of φ with respect to θ in (19) is calculated in the Appendix. We now try to solve the cubic equation (15) for φ . Substituting φ = x + a, the standard cubic equation without x 2 -term is obtained:
The value of a and the coefficients, P and Q in (20) are given, respectively, by
The determinant of the cubic equation is given as
If the determinant is zero, a triple real root is found at the critical point (π = 1, θ = 1 and φ = 1) [1] , or a double real root and a single root are found in the region of π < 1. In the latter case, the reduced temperature θ is given as θ 1 and θ 2 with θ 1 < θ 2 . θ , therefore, satisfies θ < θ 1 in case of the pure liquid phase and θ > θ 2 in case of the gaseous phase. If the phase is purely gaseous or liquid, then the solutions of (15) consist of a single real root and of two conjugate complex roots, since the determinant is always positive. The real root is represented as
The reduced temperature θ has values in the region from θ 1 to θ 2 if there is coexistence of gaseous and liquid phases. The determinant is always negative, and the three real roots are expressed as, respectively,
with
φ G in (28) corresponds to the root for the gaseous state, φ L in (29) to that of the liquid state, and φ M in (30) is the root in the region from φ L to φ G . Especially, φ M equals to φ G at θ = θ 2 and to φ L at θ = θ 1 in the case that this cubic equation consists of a double root and a single root at D = 0. If the gaseous and liquid phases coexist, the change of the Gibbs free energy between the gaseous and liquid phases at arbitrary reduced temperature and pressure is obtained as The enthalpy changes are written as
To satisfy Maxwell's rule between φ L and φ G this cubic equation determines φ M . In the phase equilib- rium between gaseous and liquid states, the vapour pressure equation for Redlich-Kwong gases is equivalent to terms within the brackets of (32) at ∆G = 0; in this equation the internal configuration of vibrations and rotations in the gaseous and liquid states of a gas [10] are neglected. Also, the reduced boiling temperature θ B is located in the range between θ 1 to θ 2 . ∆H(θ B = T B /T C , π = 1/P C ) in (33) equals the enthalpy change of vaporization at T B and 1 atm. Assuming that the reduced volume in the liquid phase φ L is transformed into φ G in the gaseous phase at the reduced boiling point, some thermodynamic quantities as functions of the variable θ may be derived from (13) -(19), and φ in (25), (28), and (29) denoted as φ L in the region of θ < θ B and φ G in θ > θ B .
Numerical Results
Some thermodynamic functions are written as functions of the variables T and P and are generally applicable to all substances by using the two critical constants T C and P C [7] . Boiling temperatures at 1 atm, T B , are easily found from (32), and the enthalpies of vaporization, ∆H, in (33) are obtained using these boiling temperatures. The boiling temperatures and the enthalpy changes by vaporization are shown in Table 1 . These results of T B agree well with the experimental data [7] within a few percent, except for H 2 O and NH 3 . ∆H of Br 2 , N 2 O, C 3 H 8 , C 3 H 6 , 1-C 4 H 8 , CH 3 Cl, CH 3 Br, and CH 3 I are all within a few percent. Numerical results obtained with these thermodynamic functions for C 3 H 6 are displayed in Figs. 1 -5 . The Gibbs free energy in Fig. 1 indicates a polygonal line with a break at the boiling temperature. In the curves for the entropy, volume and enthalpy a jump is observed from the liquid to the gaseous phase at the boundary of the boiling point. As shown in Fig. 5 , the heat capacities do not diverge to infinity but show a discontinuity at the boiling point. The heat capacity at 35 atm shows a singularity at the boiling point. This singularity suggests a phase transition. The generalized diagrams of some thermodynamic quantities accompanying the first-order phase transition are typically described in textbooks of physical chemistry [3] . Comparing Figs. 1 -5 with these diagrams [3] , the behaviour in the neighbourhood of the boiling point corresponds to a first-order phase transition.
In addition to Table 1 , the precisions of T B and ∆H can be improved by fitting the parameter s in (1). The T B and ∆H values of 41 substances in Table 2 agree well with the experimental data [7] within a few percent. 
